RNase E, a multifunctional endoribonuclease of Escherichia coli, attacks substrates at highly specific sites. By using synthetic oligoribonucleotides containing repeats of identical target sequences protected from cleavage by 2-O-methylated nucleotide substitutions at specific positions, we investigated how RNase E identifies its cleavage sites. We found that the RNase E catalytic domain (i.e., N-Rne) binds selectively to 5-monophosphate RNA termini but has an inherent mode of cleavage in the 3 to 5 direction. Target sequences made uncleavable by the introduction of 2-O-methylmodified nucleotides bind to RNase E and impede cleavages at normally susceptible sites located 5 to, but not 3 to, the protected target. Our results indicate that RNase E can identify cleavage sites by a 3 to 5 ''scanning'' mechanism and imply that anchoring of the enzyme to the 5-monophosphorylated end of these substrates orients the enzyme for directional cleavages that occur in a processive or quasiprocessive mode. In contrast, we find that RNase G, which has extensive structural homology with and size similarity to N-Rne, and can functionally complement RNase E gene deletions when overexpressed, has a nondirectional and distributive mode of action.
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RNA degradation ͉ processive ͉ RNase G T he multifunctional Escherichia coli ribonuclease, RNase E, has a demonstrated role in the processing of ribosomal RNA (1, 2) , the chemical degradation of bulk cellular RNA (3) (4) (5) (6) (7) , the decay of specific regulatory, messenger, and structural RNAs (for recent reviews, see refs. 8 and 9), the control of plasmid DNA replication (10) , and the removal of poly(A) tails from transcripts (11, 12) . RNase E cleaves preferentially at specific sites in single-strand RNA segments rich in AϩU nucleotides (13) (14) (15) (16) ). An inherent mode of action involving entry of RNase E at the 5Ј end of substrates followed by a 5Ј to 3Ј wave of cleavages has been inferred from the greater in vivo stability of fragments at the 3Ј ends of certain RNA substrates (17) (18) (19) (20) together with evidence that (i) the enzyme prefers a free 5Ј end for endonucleolytic cleavage (18, 20) , (ii) RNase E degradation efficiency is affected by 5Ј-phosphorylation in vivo (10) and in vitro (19, 20) , and (iii) 5Ј regions of secondary structure can impede cleavages in vivo (21) . However, RNA degradation in vivo also can occur in the opposite direction (e.g., ref. 22) .
As RNase E cleavage of complex substrates potentially can be affected by differences in the affinity of the enzyme for target sites having different sequences (15, 16) , by secondary structure (23) , and in vivo also by the attachment of ribosomes (24) (25) (26) and͞or RNA-binding proteins (27) , conclusions about the inherent mode of action of RNase E from studies of long natural substrates may be problematical. We wished to elucidate the mechanism of target-site selection by RNase E in the absence of these confounding factors; to do this, we designed, and chemically synthesized, oligoribonucleotide substrates that contain repeats of identical target sequences and are devoid of regions able to engage in base paring. We found that the RNase E catalytic domain (i.e., N-Rne) binds to monophosphorylated 5Ј ends of substrates but shows sequential cleavages in the 3Ј to 5Ј direction. We further showed that the catalytic domain binds to nucleotide sequences that define a cleavage site, even when the site is made insensitive to cleavage by 2Ј-O-methyl nucleotide substitutions, and that it stalls at the protected locus, preventing attack on nonmodified target sequences 5Ј to that locus. In contrast to the RNase E catalytic domain, RNase G [also known as CafA protein, MreA protein, Rng (28) (29) (30) (31) ], which has extensive sequence homology and size similar to N-Rne (32), broadly similar cleavage specificity (31, 33, 34) , a similar preference for 5Ј-monophosphate termini (31, 34) , and the ability to complement Rne gene deletions (35) , showed no directionality of cleavage of the same substrates.
Materials and Methods
Plasmids, Oligonucleotides, and Bacteria Strains. Plasmids for overexpression of full-length RNase E and N-Rne have been described (23) . Oligonucleotides BR13, BR13N, BR131-2M, BR13-11M, BR13-13M were synthesized by ISIS Corporation (Carlsbad, CA). Oligonucleotides BR20, F20, R20, BR30, and BR30M were purchased from Dharmacon Research, Lafayette, CO. Bacterial strain used for the His-overexpression system is BL21(DE3) (Novagen).
Protein Purification. For the purification of N-Rne and full-length RNase E, a single bacterial colony containing corresponding plasmid was freshly inoculated to 50 ml of LB containing 50 mg͞ml carbenicillin and grown to OD 600 ϭ 0.6 at 30°C before the addition of isopropyl ␤-D-thiogalactoside (1 mM final concentration). After isopropyl ␤-D-thiogalactoside was added, cells were cultured for another 20 min and collected. Cells were disrupted by French press and the 100,000 ϫ g supernatant was used for protein purification. The His-tagged fusion proteins were purified as described (36) . Recombinant RNase G protein with a C-terminal His-tag was kindly provided by K. Lee (35) .
Labeling of RNA Oligonucleotides. Synthetic oligonucleotide (20 pmol) was radioactively labeled with 50 Ci of [␥-32 P]ATP by using 10 units of T4 polynucleotided kinase (New England Biolabs). Labeling reactions were performed at 37°C for 30 min and then stopped by heat inactivation (65°C, 15 min). Labeled products were loaded onto urea-12% acrylamide gels and electrophoresed. The major products were excised from gels, eluted in RNA elution buffer (37) , and recovered by using ethanol precipitation.
RNase E and RNase G Cleavage Assays. 32 P-labeled oligoribonucleotides were synthesized in vitro as described above. Endonuclease activity was assayed in reaction mixtures containing 20 mM Tris⅐HCl (pH 8.0), 10 mM MgCl 2 , 10 mM NaCl, 1 mM DTT, ribonuclease inhibitor RNaseOUT (Invitrogen), and 32 P-labeled oligonucleotides. Reactions were incubated at 30°C and stopped at indicated time points by aliquoting 5 l of the reaction mixture into an equal volume of loading dye containing 80% (vol͞vol) formamide, 5 mM EDTA, 0.05% (wt͞vol) bromophenol blue, and 0.05% (wt͞vol) xylen cyanol FF. The aliquots were then Abbreviation: N-Rne, N-terminal region of RNase E. ‡ To whom correspondence should be addressed. E-mail: sncohen@stanford.edu. denatured at 85°C for 3 min, and analyzed by electrophoresis in 15% urea-acrylamide gels.
Results

Rne Cleaves Oligoribonucleotides Containing Specific Sequence and the Cleavage Specificity Is Not Affected by 2-O-Methyl Modification.
The N-terminal region of RNase E (N-Rne), which contains the catalytic domain of the enzyme, lacks both the arginine-rich major RNA-binding site of full-length RNase E (23) and the scaffold region that interacts with other protein components of degradosomes (38) (39) (40) . However, N-Rne cleaves 9S RNA, a variety of messenger RNAs, and RNAI (Fig. 1A) , a 108-nt antisense suppressor of ColE1 plasmid replication, at the same sites as Rne (e.g., refs. 23, 35, 41, 42) , indicating that it possesses full cleavage specificity. We investigated the stringency of this specificity by determining the site(s) of cleavage of 32 P-labeled monophosphorylated oligoribonucleotide substrates containing 2Ј-O-methyl modifications at defined positions (Fig. 1B) . BR13, which includes the RNase E target sequence of RNAI, was attacked by N-Rne at its known RNase E cleavage site (23), whereas BR13-2M and BR13-13M, which are protected by 2Ј-O-methyl substitutions either at this cleavage site or throughout, respectively, were uncleaved. BR13N, a random-sequence oligonucleotide, was also uncleaved, consistent with dependence of RNase E cleavages on a specific order of nucleotides (15, 16) . BR13-11M, which contains chemically modified nucleotides at all locations, except for the two nucleotides bracketing the bond cleaved in BR13, was attacked at the solitary nonprotected phosphodiester bond, indicating that extensive 2Ј-O-methyl modification does not prevent ribonucleolytic cleavage at nonmodified bonds (see ref. 43 ).
N-Rne Binds Specifically to the Substrate and the Sequence-Specific
Binding Activity Is Independent of Cleavage. Although the RNAcleaving ability of N-Rne implies substrate binding, interaction of this catalytic domain with RNA has not been detected under conditions that show stable binding of full-length RNase E (23, (44) (45) (46) . However, during the course of our experiments, we observed that unlabeled BR13 was able to compete with cleavage of radioactively labeled BR13 by N-Rne (Fig. 2 ). BR13-13M, which contains an RNase E target sequence but is protected from cleavage by 2Ј-O-methyl nucleotide substitutions throughout, not only inhibited digestion of BR13, but also competed more efficiently on an equimolar basis than its unprotected homolog (89% and 52% inhibition by BR13-13M and BR13, respectively, at 0.5 M concentration; Fig. 2 ). BR13N, which consists of unmodified nucleotides arranged in random order, lacks an N-Rne target sequence, and, like BR13-13M, is not cleaved by N-Rne (see above), had no effect on cleavage of BR13 (Fig. 2) . Together, these findings provide evidence that the RNase E catalytic domain binds specifically to target sites even when they are protected from cleavage by chemical modification, and additionally implies that translocation of N-Rne may occur less readily from uncleaved target sites than from cleaved ones. Addition of a 2Ј-O-methyl variant of BR13N did not affect cleavage of BR13 by N-Rne (data not shown), indicating that competition by BR13-13M resulted from substrate-specific interaction with the enzyme, rather than from chemical modification of the oligonucleotide. 2 . Effect of oligonucleotide competitors on cleavage of 32 P-labeled BR13 by N-Rne. Before addition of N-Rne, 10 nM 5Ј labeled BR13 was mixed individually with 0.5 M unlabeled oligonucleotides, which included BR13N, BR13, and BR13-13M. Cleavage reactions were performed as described in Materials and Methods. Reactions were stopped at the times indicated and electrophoresed as in Fig. 1 . The percentage inhibition of cleavage of 32 Plabeled BR13 by unlabeled BR13 and BR13-13M was 52 and 89%, respectively. Cleavage was quantified by measuring cleavage product and total substrate at the 10-min time point by using the STORM 840 PHOSPHOIMAGER (Molecular Dynamics). The percentage inhibition is defined as follows: 1 Ϫ cleavage efficiency of reaction containing competitor͞cleavage efficiency of reaction without competitor ϫ 100%.
5Ј-monophosphate terminus, dephosphorylation of the 5Ј end of BR13 sharply reduced N-Rne digestion of the substrate (compare P BR13 vs. OH BR13; Fig. 3A) . We hypothesized that if the effect of 5Ј-phosphorylation on cleavage by N-Rne is mediated at the level of RNA binding, as has been proposed (19, 20) , the extent of 5Ј-phosphorylation should affect the competitiveness of RNAs that contain an RNase E recognition sequence, even when these RNAs are protected from cleavage by 2Ј-O-methylation. We found that BR13-13M containing a 5Ј-monophosphorylated terminus ( P BR13-13M) did in fact compete with cleavage of BR13 much more efficiently than OH BR13-13M (86% and 48% inhibition by P BR13-13M and OH BR13-13M, respectively, at 0.25 M concentration; Fig. 3B ). Because N-Rne also interacts site-specifically with a sequence of nucleotides at the cleavage site (Fig. 2) , this result implies that the catalytic domain of RNase E contacts RNA substrates at two separate locations.
The RNase E Catalytic Domain Cleaves in the 3 to 5 Direction. It has been proposed that RNase E enters substrates at the 5Ј end and then scans toward the 3Ј end for cleavage sites (8, 9, 17, 20) . The ability of 2Ј-O-methyl substitutions to inhibit cleavage at ordinarily susceptible internucleotide bonds, together with evidence that noncleavable recognition sequences may retain RNase E, suggested an approach to test this model directly. We designed oligoribonucleotides that contain two repeats of an identical RNase E target sequence and determined the effect of a noncleavable bond in one repeat on cleavage of a bond in the other repeat (Fig. 4A) . BR20, an oligoncleotide containing two repeats of a target sequence showed the expected cutting by N-Rne at internucleotide bonds 5-6 and 15-16, plus an additional cleavage at bond 10-11, a target apparently generated by the sequence combination created in BR20 (see refs. 15 and 16). Whereas a substrate (F20) containing 2Ј-O-methyl-substituted nucleotides in the N5 and N6 positions was cleaved at nonprotected internucleotide bonds (i.e., N15-16 and N10-11) situated 3Ј to the substitutions, 2Ј-O-methyl substitutions at the N15-N16 (R20) bond surprisingly prevented attack at target sites located 5Ј to the protected bond (Fig. 4A) .
The results above imply that cleavages by N-Rne occurred with 3Ј to 5Ј directionality in these oligonucleotide substrates, and further suggest that dissociation of the enzyme may be impeded when it encounters and interacts with a recognition sequence protected by 2Ј-O-methyl modification. The use of oligoribonucleotides containing three repeats of the RNAI-derived cleavage sequence, ACAGUAUUUG, enabled us to test both of these hypotheses further.
As seen in Fig. 4B , 2Ј-O-methyl substitutions at nucleotides N15 and N16 of oligonucleotide BR30M not only precluded production of the 15-nt product normally generated by cleavage at this site (BR30), but also (i) impeded cleavage 5Ј to the protected bond, and (ii) enhanced cleavage at susceptible sites 3Ј to the protected bond. As was observed also for shorter oligonucleotide substrates (see above), the combining of multiple RNase E recognition sequences on the same RNA molecule resulted in adventitious, as well as expected, cleavages; cleavages at both expected and adventitious sites were impeded 5Ј to protected bonds and enhanced 3Ј to these bonds. We speculate that activity triggered by the substrate-bound stalled enzyme may account for the latter effect.
Mode of 3 to 5 Cleavage Site Selection Is an Inherent Property of
RNase E Catalysis. To determine whether the 3Ј to 5Ј directionality of cleavage we observed for N-Rne is altered by the presence of the ARRBS maj on the endonuclease, we repeated the experiments shown in Fig. 4 by using full-length RNase E, and obtained identical results (Fig. 5A) . Thus, although the capability for directional scanning of substrates and processive cleavages resides in the catalytic domain of RNase E, this ability is shared by full-length RNase E and is not affected by ARRBS maj .
Recent reports indicate that the RNase G͞CafA͞Mre protein, which has a sequence highly similar to that of N-Rne (32) and attacks A ϩ U-rich regions of RNA at or near the bonds cleaved by RNase E, is also affected by 5Ј-phosphorylation (31, 34) . Moreover, Rng can functionally complement deletion of Rne when overproduced (35) . However, we found that despite these similarities, the mode of action of RNase G is dramatically different from the one we observed for RNase E. As seen in Fig.  5B , the cleavage patterns observed for RNase G by using 5-32 P-labeled oligonucleotides BR20, F20, R20, BR30, and Before carrying out the competition reaction, BR13-13M was incubated with T4 polynucleotide kinase in reaction buffer with or without 10 mM ATP to produce 5Ј PBR13-13M and 5Ј OHBR13-13M. After the kinase reaction used to label the 5Ј terminus with 32 P, oligonucleotides were recovered by phenol͞ chloroform extraction and ethanol precipitation. The recovered oligos were passed through a Microspin G-25 column (Amersham Pharmacia) to remove residual free ATP and quantified spectrophotometrically by the OD 260 reading. The competition reactions were performed as in Fig. 2 . The competitors, the concentrations of competitors, and time points for the reactions are as indicated. The percentage inhibition of cleavage efficiency, which is defined as in Fig. 2 , was 86% and 48%, respectively, for 5Ј PBR13-13M and 5Ј
OHBR13-13M.
BR30M show no directionally and no blockage of cleavages occurring 5Ј to protected bonds, indicating that the directionality we observed for RNase E cleaves is a function of the enzyme, rather a peculiarity of the substrate used for these studies.
Discussion
It is well established that cleavages by RNase E occur in A ϩ U-rich regions of single-strand RNA (15, 16, 47) . By using chemically synthesized oligoribonucleotides modified to render specific phosphodiester bonds noncleavable by RNase E, we experimentally addressed the question of how the catalytic domain, which encodes cleavage site specificity, finds its targets. Our results rule out a 5Ј to 3Ј scanning mechanism intrinsic to the enzyme and instead show that the inherent mode of action of RNase E is intrinsic to the enzyme cleavage in the 3Ј to 5Ј direction. Our finding that cleavage sites 5Ј to intranucleotide bonds made insensitive by 2Ј-O-methyl nucleotide substitution are not attacked, whereas targets 3Ј to protected intranucleotide bonds are cleaved, argues strongly that the catalytic domain of RNase E translocates in the 3Ј to 5Ј direction and that during translocation the enzyme stalls at target sequences containing 2Ј-O-methyl nucleotides.
The results of our competition experiments support the notion that target sequences containing noncleavable 2Ј-O-methyl nucleotide substitutions sequester the catalytic domain of RNase E. Whether release from cleaved substitutes occurs after each cleavage or after the entire substrate has been scanned is not addressed by these studies. Earlier work has shown that the extent of 5Ј-phosphorylation strongly affects RNase E activity, and this phosphorylation has been hypothesized to occur through modulation of RNA binding (for review, see ref. 8). Our finding that the extent of 5Ј-phosphorylation affects the competitiveness of RNAs that contain an RNase E target sequence provides experimental evidence that 5Ј-phosphorylation does in fact alter binding of the enzyme to substrates, as has been proposed. Together, our results imply that sites on the RNase E catalytic domain make contact concurrently with two separate locations on substrates. We speculate that the S1 domain (amino acids 36-118) and the 'minor' arginine-rich region (amino acids 267-390) of N-Rne, both of which contain structural features known to mediate protein͞RNA interactions (23, 48) , may be the points of protein contact with the 5Ј termini and target sequences of substrates, respectively. Certain models proposed for motion of a protein within a molecule of DNA (49, 50) seem applicable also to translocation of ribonucleases along RNA substrates. Potentially, such translocation can occur through three-dimensional space by successive cycles of dissociation͞reassociation (i.e., distributive translocation). Because substrate molecules in solutions used for ribonuclease assays ordinarily are separated by large volumes of solvent, the distances between individual substrate molecules are greater than between different segments of the same oligonucleotide chain; thus, successive cycles of dissociation͞ reassociation are more likely to be with the same substrate chain (50, 51) . Proteins can also undergo linear diffusion through one-dimensional space between sites separated by various distances along the substrate chain without dissociating from the substrate (i.e., processive translocation). The ability of target sites protected by 2Ј-O-methyl substitutions to impede RNase E cleavage of sites located 5Ј to the protected sequence is suggestive of a mechanism of translocation by one-dimensional linear diffusion (i.e., processivity); however, our data do not rule out the possibility that RNase E molecules proceeding in the 3Ј to 5Ј direction may dissociate from the domain of the substrate after each cleavage and then enter the substrate domain again at or near the 3Ј end of the decay intermediate it generates (i.e., quasi-processivity; ref. 52) .
Sequence variation at different RNase E cleavage sites or the occurrence of regions of secondary structure within natural substrates potentially can affect the order of RNase E cleavages (14, 46, 53, 54) . Attack by RNase E may be further modulated or circumvented by the presence of RNA binding proteins or ribosomes at particular sites of substrates, or by the concurrent actions of other ribonucleases, and such factors potentially may account for differences in the directionality of RNase E-mediated decay reported for different substrates in vivo (17, 46, 55) . Additionally, full-length primary transcripts, which contain 5Ј-triphosphorylated termini, are cleaved poorly by RNase E (18, 20) , and consequently may lack the 5Ј end-binding activity that we have shown here for 5Ј-monophosphorylated termini. Primary transcripts may therefore lack an anchor to orient the enzyme for the initial RNase E cleavage, which may be determined by a mechanism different from the one used for the selection of cleavage sites on decay intermediates. The experimental design and substrates we used were intended to elucidate the inherent mode of cleavage-site selection by the RNase E catalytic domain in the absence of such modifying and͞or confounding factors. Consistent with the 3Ј to 5Ј directionality of cleavages we observed for short oligonucleotide substrates containing multiple identical cleavage sites is kinetic evidence showing that removal of poly(A) tails from RNAI precedes, rather than follows, cleavage of a site near the 5Ј end of this 108-nt-long natural substrate (11) .
Like RNase E, polynucleotide phosphorylase, which exonucleolytically degrades substrates in the 3Ј to 5Ј direction, and poly(A) polymerase I (PAPI), which adds poly(A) 3Ј tails that facilitate degradation by polynucleotide phosphorylase (56, 57) , are affected by 5Ј-phosphorylation but initiate action at the 3Ј ends of RNAs (37, 58) . The ability 5Ј-phosphorylation to influence multiple types of transactions occurring at 3Ј ends supports the notion that the termini of completed E. coli transcripts may be brought into proximity by degradosome component proteins, as suggested (11, 37, (58) (59) (60) ; for review, see ref. 61 ).
Both processive and distributive modes of action have been observed for deoxyendoribonucleases (52, 62, 63) . In contrast, previously investigated proteins that attack RNA molecules endoribonucleolytically have been found normally to act only distributively (64, 65) . However, it is also known that single-point mutations can change the mode of action of RNase A from distributive to processive, and concurrently can impart higher efficiency and more specificity to cleavages (66, 67) . Related findings have been reported for a deoxyendoribonuclease that, when isolated from normal cells, removes damaged nucleosome DNA processively but, when isolated in mutant form from xerodema pigmentosum cells, cleaves substrates distributively and with less specific activity (68, 69) . Thus, the divergent modes of action we have observed for ribonucleases E and G potentially may be determined by relatively small differences in the nonconserved regions of the catalytic domains of these proteins.
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